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Abstract
Skeletal muscle accounts for approximately one-half of the protein pool in the whole body. Regulation of protein
turnover in skeletal muscle is critical to protein homeostasis in the whole body. Glutamine has been suggested to exert an
anabolic effect on protein turnover in skeletal muscle. In the present work, we characterized the effect of glutamine on the
rates of protein synthesis and degradation in cultured rat skeletal myotubes under both normal and heat-stress conditions.
 .We found that glutamine has a stimulatory effect on the rate of protein synthesis in stressed myotubes 21%, P-0.05 but
not in normal-cultured myotubes. Glutamine shows a differential effect on the rate of degradation of short-lived and
long-lived proteins. In both normal-cultured and stressed myotubes, the half-life of short-lived proteins was not altered
while the half-life of long-lived proteins increased with increasing concentrations of glutamine in a concentration-dependent
manner. In normal-cultured myotubes, when glutamine concentration increased from 0 to 15 mM, the half-life of long-lived
 .  .proteins increased 35% P-0.001 while in stressed myotubes, it increased 27% P-0.001 . We also found that
 .  .glutamine can significantly P-0.001 increase the levels of heat-shock protein 70 HSP70 in stressed myotubes,
indicating that HSP 70 may participate in the mechanism underlying the effect of glutamine on protein turnover. We
conclude that in cultured skeletal myotubes the stimulatory effect of glutamine on the rate of protein synthesis is
condition-dependent, and that the inhibitory effect of glutamine on the rate of protein degradation occurs only on long-lived
proteins.
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1. Introduction
The regulation of protein turnover in skeletal mus-
cle not only determines protein homeostasis in this
tissue per se, but also influences energy metabolism
and the physiological status of the whole body. A
w xnumber of factors 1–4 have regulatory effects on
protein turnover in skeletal muscle.
) Corresponding author. Fax: q1 604 8224400; E-mail:
jrthomp@unixg.ubc.ca
The amino acid glutamine has been reported to
regulate protein turnover in skeletal muscle. In rats
under stressful conditions e.g., endotoxemia or star-
.vation , a positive correlation has been observed be-
tween the concentration of glutamine and the rate of
w xprotein synthesis in skeletal muscle 5 . Similar re-
sults have been demonstrated in humans during sep-
sis or following surgery or trauma, conditions during
which the intramuscular free glutamine pool is de-
w xpleted 6–8 . Parenteral administration of glutamine
to these patients can increase the rate of protein
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synthesis, thus improving nitrogen balance in their
w xskeletal muscles 7 . However, experiments with nor-
mal subjects have failed to show a stimulatory effect
of glutamine on the rate of protein synthesis in
w xskeletal muscle 9–11 . The latter observations are in
contrast to results obtained with in vitro skeletal
muscle preparations from normal animals. For exam-
ple, results obtained from rat hindlimb perfusion
preparations or isolated chick skeletal muscle prepa-
rations have demonstrated that glutamine stimulates
the rate of protein synthesis in these tissues from
normal animals in a concentration-dependent manner
w x12–14 . Therefore, it is unclear whether the effect of
glutamine on protein synthesis in skeletal muscle is a
general phenomenon or a stress-dependent phe-
nomenon.
In addition to its effect on protein synthesis, glu-
tamine has also been demonstrated to regulate the
rate of protein degradation in skeletal muscle. In
humans subjected to stressors, supplementation with
glutamine decreases urinary excretion of 3-methyl-
histidine, an index of myofibrillar protein degradation
w x w x14 . In rat hindlimb perfusion 12 and chick skeletal
w xmuscle incubation preparations 13 , glutamine has
also been found to decrease the rate of protein degra-
dation. However, again, it is unclear whether the
effect of glutamine on protein degradation in skeletal
muscle is a general or a stress-associated phe-
nomenon. Furthermore, different protein fractions,
i.e. the short-lived protein and the long-lived protein
fractions, in skeletal muscle respond differently to
endocrine regulators of protein turnover such as in-
 . w xsulin and insulin-like growth factor I IGF-1 15,16 .
It remains unknown if glutamine decreases the rate of
degradation of both the short-lived and the long-lived
skeletal muscle protein fractions.
In spite of the numerous reports on the effect of
glutamine on protein turnover, little is known about
 .the mechanism s underlying this effect. Recently,
increased concentrations of glutamine have been re-
ported to increase the levels of heat-shock protein
 .HSP , particularly HSP70, in stressed Drosophila
w xKc cells and opossum kidney cells 17,18 . HSP70 is
the most abundant class of HSPs in cells, which
includes a stress-inducible form, HSP72, and a con-
w xstitutive form, HSP73 19 . HSP70 can bind to nascent
or denatured polypeptides and help them achieve
proper conformation, thus protecting them from de-
w xnaturation 20 . In heat-stressed fibroblasts, Chang et
w xal. 21 have shown that HSP72 can dephosphorylate
 .the eukaryotic initiation factor 2a eIF-2a , thus
relieving the inhibition on protein synthesis by heat
stress. In an effort to explore the mechanism underly-
ing the effect of glutamine on protein turnover in
skeletal muscle cells we determined the effect of
glutamine on HSP72 expression in our experimental
system.
To address these issues, we set out to characterize
the effect of glutamine on protein turnover in skeletal
muscle under normal and stress conditions using L8
skeletal myotubes differentiated from the L8 my-
oblast cell line derived from rat skeletal muscle. This
type of myotube expresses most of the muscle spe-
w xcific proteins 22 and has been previously used as a
model for studies of protein metabolism in skeletal
w xmuscle 2,16 . An advantage of using the myotube
culture system is that the experimental conditions can
be clearly controlled, and the cultures can be used for
prolonged experimental periods without many of the
stressors encountered with hindlimb perfusion and
whole muscle incubation preparations e.g., surgical
w x.stress and hypoxia 23 .
2. Materials and methods
2.1. Materials
The L8 skeletal muscle cell line was purchased
from America Type Culture Collection Rockville,
.Maryland, U.S.A. . Dulbecco’s modified Eagle’s
 .  .medium DMEM , fetal bovine serum FBS , dia-
 .lyzed horse serum HS , L-tyrosine, and antibiotics
were purchased from Life Technologies Burlington,
. w 3 x Ontario, Canada . L- ring-3,5- H tyrosine 46
.Cirmmol was purchased from DuPont NEN
 .Markham, Ontario, Canada . L-glutamine, bicin-
 .choninic acid BCA protein assay kit, and all other
chemicals were purchased from Sigma St. Louis,
.  .Missouri, U.S.A. . Anti HSP72 antibody sc-1060
 .anti actin antibody sc-1616 were purchased from
Santa Cruz Biotechnology, Inc. Santa Cruz, Califor-
.nia, U.S.A. . The enhanced chemiluminescent kit
 . ECL was purchased from Amersham Oakville, On-
.tario, Canada .
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2.2. Cell culture
L8 cells were grown in T75 tissue culture flasks in
growth media consisting of DMEM containing 3 mM
glutamine, 10% FBS, and antibiotics 100 Urml
.penicillin and 100 mgrml streptomycin at 378C in a
 .humidified atmosphere of air–CO 19:1, vrv . When2
cells reached about 70% confluence, they were sub-
cultured onto six-well tissue culture plates 35
2 .mm rwell . When cells reached 80% confluence, the
growth medium was replaced with differential
medium growth medium containing 4% HS in place
.of 10% FBS . The cells were grown for an additional
 .3–4 days to obtain maximum fusion about 90% .
The differential media for all cultures were replaced
with glutamine-free growth media for 2 h in an effort
to bring the intracellular glutamine concentrations for
all cultures to a similar level before onset of treat-
ments.
Glutamine solutions were freshly prepared and
added to culture media immediately before use in
each experiment.
2.3. Measurement of the rate of protein synthesis
The rate of protein synthesis was measured by
w3 xdetermining the rate of incorporation of H tyrosine
 .into the trichloroacetic acid TCA -insoluble materi-
w xals as described by Gulve and Dice 2 with minor
modifications to the procedures used for harvesting
the samples. The cultures were incubated in experi-
mental media growth media containing 0, 0.65, 5,
.10, or 15 mM glutamine for various periods of time.
One hour before the end of each incubation period,
the media were replaced with fresh experimental
w3 x  .media containing 1 mM L- H tyrosine 2 mCirml .
After 1-h incubation in the radioactive experimental
media, the cultures were washed four times with
ice-cold phosphate buffered saline containing 2 mM
 .L-tyrosine PBS-tyr . The cultures were then fixed
with 1 ml 15% TCA for 20 min on ice and washed
twice for 5 min each with 15% TCA on ice. Follow-
ing washing with TCA, the cultures were washed
with ice-cold 100% ethanol twice for 3 min and once
for 5 min. The cultures were briefly air dried and
then lysed with 300 ml of lysis buffer 2% SDS, 40
 .mM Tris pH 7.4 , 1 mM EDTA, 10 mgrml leu-
peptin, and 100 mM phenylmethylsulfonyl fluoride
 ..PMSF . The lysates were incubated at 708C for 5
min and stored at y708C. This procedure reduced the
w3 xamount of radioactivity from free H tyrosine to less
than 0.5% of total radioactivity in the TCA-insoluble
material. Also, this procedure was found to minimize
protein loss from the preparation. Protein concentra-
tions in the lysate were measured using the BCA
w x  .method 24 with bovine serum albumin BSA as the
standard. Radioactivity in the lysate was measured
using a Beckman LS6500 liquid scintillation counter.
The rate of protein synthesis was determined from
the amount of tyrosine incorporated per mg protein
w3 xper h calculated from the incorporation of H tyro-
w3 xsine and the specific radioactivity of H tyrosine in
w xthe incubation medium 2,15 .
2.4. Measurement of the rate of protein degradation
The rate of protein degradation was measured by
determining the rate of release of TCA-soluble ra-
dioactivity into the culture media during various peri-
w3 xods of time by myotubes prelabelled with H tyro-
sine. For measurement of the rate of degradation of
short-lived proteins, the cultures were labelled with
w3 x  .H tyrosine 3 mCirml DMEM for 1.5 h. The
cultures were then washed with PBS-tyr and incu-
bated in the growth media containing 2 mM L-tyro-
sine for 10 min to remove the effect of degradation of
w xvery short-lived proteins 2 . The cultures were
washed twice with PBS-tyr and then incubated in the
experimental media containing 0, 0.65, 5, 10, or 15
mM glutamine plus 2 mM L-tyrosine for 2 h. At
30-min intervals, a 300-ml aliquot of medium was
removed from each culture. To each aliquot, 50 mg
of BSA were added followed by addition of TCA to a
final concentration of 15%. After standing on ice for
1 h, samples were centrifuged at 14,000=g for 5
min. A sample of the supernatant was taken to mea-
w3 xsure the radioactivity associated with free H tyro-
sine. Negligible radioactivity was found in the TCA-
 .insoluble material the pellet . At the end of the
incubation period, the cultures were washed four
times with ice-cold PBS-tyr and the cell lysate was
prepared for measurement of the remaining radioac-
tivity in the myotubes using procedures similar to
those used for measurement of protein synthesis.
In experiments designed to measure the rate of
degradation of long-lived proteins, the cultures were
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w3 x  .labelled with H tyrosine 1.5 mCirml DMEM for
48 h in growth media. The cultures were then washed
twice with PBS-tyr and placed in growth media
containing 2 mM L-tyrosine for 6 h to ensure degra-
dation of short-lived proteins. The cultures were
washed twice with PBS-tyr and incubated in the
experimental media containing 0, 0.65, 5, 10, or 15
mM glutamine and 2 mM L-tyrosine for 24 h. A
300-ml aliquot of the culture medium was removed
every 8 h from each culture. At the end of the
incubation, the cultures were washed four times with
ice-cold PBS-tyr. Radioactivity associated with
w3 xH tyrosine in the incubation medium aliquots and
in the cultures was measured by the same procedure
used for measurement of the degradation of the
short-lived proteins.
The half-lives of short-lived protein and long-lived
protein fractions were calculated based on regression
w xanalysis described previously by others 2,15 .
2.5. Heat-shock treatment and measurement of pro-
tein synthesis and degradation in heat-stressed my-
otubes
Heat-shock treatment in all experiments consisted
of incubating the myotube cultures at 438C for 45
min in a humidified atmosphere of air–CO 19:1,2
.vrv . In experiments designed to measure the rate of
protein synthesis, myotubes were heat shocked in
experimental media i.e. growth media containing 0,
.0.65, 5, 10 or 15 mM glutamine . Following heat-
shock, myotubes were immediately returned to 378C
and incubated for either 1 or 2 h. One hour before the
end of each incubation period, the media were re-
placed with experimental media containing 1 mM
w3 x  .L- H tyrosine 2 mCirml . The procedure for mea-
w3 xsurement of the rate of incorporation of H tyrosine
was similar to that described above.
In experiments designed to measure the rate of
degradation of short-lived proteins in heat-stressed
myotubes, the cultures were labelled with L-
w3 x  .H tyrosine 3 mCirml DMEM in growth medium
for 1.5 h at 378C before they were subjected to
heat-shock. The cultures were then washed with PBS-
tyr and incubated in the growth media containing 2
mM L-tyrosine for 10 min to allow for degradation of
w xvery short-lived proteins 2 . They were then placed
in the experimental media and subjected to heat-shock
treatment. Immediately following heat-shock, the cul-
tures were returned to 378C and incubated for 2 h. A
300-ml aliquot of medium was removed immediately
following heat-shock to correct for initial background
w3 xradioactivity associated with free H tyrosine re-
leased during heat-shock. Aliquots were removed
every 30 min during the 2-h incubation period. Ra-
dioactivity in the aliquots and the cell lysates was
measured as described above. In experiments de-
signed to measure the rate of degradation of long-lived
w3 xproteins, the cultures were labelled with L- H tyro-
 .sine 1.5 mCirml DMEM in growth medium for 48
h at 378C. The cultures were washed twice with
PBS-tyr and incubated in growth media containing 2
mM L-tyrosine for 6 h to allow for degradation of
short-lived proteins. The cultures were then washed
twice with PBS-tyr and placed in experimental media
before heat-shock treatment. Immediately following
heat-shock, the cultures were returned to 378C and
incubated for 3 h. A 300-ml aliquot of medium was
sampled immediately after heat-shock and then every
1 h during the 3-h incubation period. Radioactivity in
the aliquots and the cell lysates was measured as
described above.
2.6. Western blot analysis
Myotube cultures were washed twice with ice-cold
PBS and scraped off the culture dishes 4 h after
 .heat-shock treatment 438C for 45 min . Cells were
w  .lysed in a lysis buffer 20 mM Tris-HCl pH 7.5 ,
150 mM NaCl, 2 mM EDTA, 1% NP-40, 1 mM
xPMSF, and 2 mM DTT on ice for 30 min, followed
by centrifugation at 14,000=g for 15 min at 48C.
Protein concentrations in the supernatant were mea-
w xsured by the BCA method 24 . Equal amounts of
 .protein 40 mg from each sample were fractionated
using SDS-polyacrylamide gel SDS-PAGE, 10%
.separating gel eletrophoresis. Following elec-
trophoresis, proteins were transferred onto nitrocellu-
lose membranes in transfer buffer containing 192
mM glycine, 25 mM Tris, and 29% methanol using a
w xBio-Rad Transblot apparatus 25 . The membrane
was blocked with a blocking solution 3% non-fat dry
.milk in PBS for 1 h at room temperature and
incubated with the anti-HSP72 antibody 1:1000 dilu-
.  .tion anti-actin antibody 1:3000 for 2–3 h. The
membrane was then washed three times with a wash-
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 .ing buffer 0.1% Tween-20 in PBS , blocked with
blocking solution for 1 h, and incubated with
 .horseradish peroxide HRP conjugated anti-goat IgG
secondary antibody for 2 h. The membrane was
washed three times with the washing buffer followed
by detection using ECL method. Protein signals were
quantitated using a densitometer Molecular-Dy-
.namics .
2.7. Statistical analysis
Data are expressed as means"S.E.M. The results
were analyzed for statistical significance by using
one-way ANOVA.
3. Results
3.1. Effect of glutamine on protein turno˝er in nor-
mal-cultured myotubes
We examined the effect of glutamine on the rate of
 .protein synthesis in normal-cultured non-stressed
myotubes during 1 and 2 h of incubation. The rate of
protein synthesis was not significantly affected by
glutamine concentration in the culture medium during
 .1 or 2 h of incubation Fig. 1A . To examine if
glutamine would have an effect after a longer incuba-
tion period, we extended the incubation time to 4 or 6
h, and we still did not find a significant effect of
glutamine on the rate of protein synthesis data not
.shown . However, the rate of protein synthesis was
 .greater P-0.05 in the myotubes incubated for the
longer time periods 4 or 6 h, average 2.94 nmol
.tyrosine incorporatedrmg proteinrh than in my-
otubes incubated for the shorter time periods 1 or 2
h, average 2.16 nmol tyrosine incorporatedrmg pro-
.teinrh .
In the present work, the rate of protein degradation
is expressed as the half-life of the proteins which was
calculated using regression analysis. Representative
regression curves used to calculate the half-life of
short-lived proteins and long-lived proteins in non-
stressed myotubes are shown in Fig. 2A and B,
respectively. The regression coefficients ranged from
0.991 to 0.997.
Figs. 3A and 4A show that in non-stressed my-
otubes, glutamine did not alter the half-life of short-
Fig. 1. The rate of protein synthesis in normal myotubes and
stressed myotubes in the presence of various concentrations of
glutamine. Myotubes were grown on six-well tissue culture plates.
They were incubated in the experimental media containing differ-
 .ent concentrations of glutamine for 1 or 2 h without A or with
 .  .B a 45-min heat-shock 438C for 45 min pretreatment. My-
w3 x  .otubes were labelled with H tyrosine 2 mCirml during the
last hour of incubation. The rate of protein synthesis is expressed
as nmol tyrosine incorporatedrmg of proteinrh. Values are
 .means"S.E.M. ns4 . a and b, different from 0 mM glutamine
at P -0.05 and P -0.01, respectively; c, different from 0.65
mM glutamine at P -0.05.
lived proteins but increased the half-life of long-lived
proteins in a concentration-dependent manner. The
half-life measured in the absence of glutamine was
7.8"0.2 h for the short-lived proteins and 52.8"1.6
h for the long-lived proteins. These values are similar
w xto those reported by other laboratories 2,16 . When
the glutamine concentration was increased from 0 to
0.65 mM, the physiological concentration of glu-
tamine in blood, the half-life of long-lived proteins
 .increased 16% P-0.05 . When the glutamine con-
centration was increased from 0 to 15 mM, the
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Fig. 2. Degradation of short-lived proteins and long-lived pro-
teins in normal myotubes. Myotubes grown under normal condi-
w3 x  .tions were prelabelled with H tyrosine A 3 mCirml for 1.5 h
 .for measuring degradation of short-lived proteins or B 1.5
mCirml for 48 h for measuring degradation of long-lived pro-
teins as described in Section 2. Curves best fitting the datum
 .points mean"S.E.M., ns4 are shown.
Fig. 3. The half-life of short-lived proteins in normal and stressed
myotubes in the presence of various concentrations of glutamine.
Myotubes grown on six-well tissue culture plates were prela-
w3 x  .belled with H tyrosine 3 mCirml for 1.5 h. Cells were
 .washed and chased for 10 min. A Myotubes were incubated in
the experimental media containing various concentrations of glu-
 .tamine as indicated at 378C for 2 h. B Myotubes were incubated
in the experimental media containing various concentrations of
glutamine as indicated at 438C for 45 min following incubation at
378C for 2 h. The half-life is calculated by using regression
 .analysis. Values are means"S.E.M. ns4 . No differences were
observed among the groups.
Fig. 4. Effect of glutamine on the half-life of long-lived proteins
in normal-cultured and stressed myotubes. Myotubes grown on
w3 xsix-well tissue culture plates were prelabelled with H tyrosine
 .1.5 mCirml for 48 h. Myotubes were washed and incubated for
6 h to ensure degradation of short-lived proteins. Measurement of
 .the half-live of long-lived proteins in normal-cultured A and
 .stressed B myotubes was described in Section 2. Values are
 .means"S.E.M. ns4 . a, b, and c, different from the 0 mM
glutamine group at P -0.05, P -0.01, and P -0.001, respec-
tively; d, different from the 0.65 and 5 mM glutamine groups at
P -0.05.
physiological concentration of intramuscular glu-
 .tamine, the half-life increased 35% P-0.001 .
3.2. Effect of glutamine on protein turno˝er in stressed
myotubes
Since glutamine did not have a stimulatory effect
on the rate of protein synthesis in normal cultured
myotubes, we determined if glutamine influenced the
rate of protein synthesis in stressed myotubes. My-
otubes were heat shocked at 438C for 45 min and
then incubated at 378C for recovery periods of 1 or 2
h. Heat stress significantly decreased the rate of
protein synthesis. During the first hour following heat
stress, the rate of protein synthesis was 68–75%
 .lower P-0.001 than the rate measured in normal-
cultured myotubes, while during the second hour it
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 .  .was 31–46% lower P-0.001 Fig. 1B . In con-
trast to the response to glutamine observed in
normal-cultured myotubes, there was a significant
stimulating effect of glutamine on the rate of protein
 .synthesis in the stressed myotubes Fig. 1B . During
the first hour after heat-shock treatment, the rate of
 .protein synthesis was increased 21% P-0.05 by
increasing the glutamine concentration from 0 to 15
mM. During the second hour after heat-shock treat-
ment, the rate of protein synthesis was increased 10%
 .P-0.01 by increasing the glutamine concentration
from 0 to 15 mM.
In the stressed myotubes, the rate of degradation of
short-lived proteins was not influenced by glutamine
 .concentration Fig. 3B . The basal half-life of short-
lived proteins in the stressed myotubes was 5.9"0.2
Fig. 5. Glutamine increases HSP72 expression in heat-stressed L8
skeletal myotubes. Western blotting analysis of HSP72 using a
monoclonal antibody against rat HSP72 was performed as de-
scribed in Section 2. In panel A, 1, 2, 3, and 4 represent 0, 0.65,
5, and 10 mM glutamine, respectively. Panel B shows the levels
of actin in the same samples shown in panel A. In panel C, the
relative abundance of HSP72 in heat-stressed groups was calcu-
lated based on densitometric results. Data are means"S.E.M.
 .ns3 . a and b: significantly higher at P -0.01 and P -0.001,
respectively, than the 0 mM glutamine group.
h, 76% of that in the non-stressed myotubes. In
contrast to the short-lived proteins, the degradation of
long-lived proteins was significantly inhibited by glu-
tamine in a concentration-dependent manner P-
.  .0.05 Fig. 4B . When glutamine concentration was
increased from 0 to 15 mM, the half-life of long-lived
 .proteins increased 27% P-0.001 . The basal half-
life of long-lived proteins in the stressed myotubes
was 43.3"0.9 h, 82% of that in the normal my-
otubes.
3.3. Regulation of HSP72 expression by glutamine
Fig. 5 shows that the expression of HSP72 was
induced by heat-shock treatment in L8 myotubes.
Increasing the concentration of glutamine increased
the amount of HSP72 in stressed myotubes in a
concentration-dependent manner. When glutamine
concentration was increased from 0 to 10 mM in the
culture media, the amount of HSP72 protein in-
 .creased 7.5-fold P-0.001 . There was no signifi-
cant difference in the protein signal of actin among
the samples, verifying the equality of the amount of
protein loaded for each sample.
4. Discussion
The present study clearly demonstrated that glu-
tamine has a stimulatory effect on the rate of protein
synthesis in skeletal myotubes subjected to stress,
while it has no effect on the rate of protein synthesis
in normal-cultured skeletal myotubes. To our knowl-
edge, this is the first report to clearly show that the
effect of glutamine on protein synthesis in skeletal
muscle is condition-dependent. The data obtained in
the present study are consistent with data obtained
from a number of studies performed with either
individuals subjected to various stressors or with
non-stressed normal individuals. Administration of
glutamine or glutamine-containing dipeptides to indi-
viduals subjected to stressors, such as sepsis or
surgery, has been consistently reported to increase the
depressed rate of skeletal muscle protein synthesis
w x7 . In contrast, glutamine administration to relatively
non-stressed normal individuals has been reported not
to affect the rate of skeletal muscle protein synthesis
w x6,9 . However, researchers using rat hindlimb perfu-
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sion or in vitro chick skeletal muscle incubation
preparations from normal animals have demonstrated
that glutamine has a stimulatory effect on the rate of
protein synthesis. It is important to note that skeletal
muscles studied under these conditions have been,
and continue to be, subjected to a range of stressors,
w x w xincluding surgical manipulation 26 and hypoxia 23 .
Therefore, the effect of glutamine demonstrated in
these in vitro experiments may actually mimic the
effect of glutamine on skeletal muscle protein synthe-
sis in stressed individuals in vivo.
The myotube culture system used in the present
work provides an ideal system to differentiate be-
tween the effects of glutamine on protein metabolism
in skeletal muscles under non-stressed and stressed
states because optimal conditions for normal cell
growth and differentiation e.g., temperature, nutrient
.concentration, and growth state can be precisely
controlled and maintained and the cells are not sub-
jected to stressors such as hypoxia. Similarly, the
myotube cultures can be subjected to carefully de-
fined stressors such as heat-shock.
The mechanism underlying the effect of glutamine
on protein synthesis in stressed skeletal muscle re-
w xmains unknown. Murtha-Riel et al. 27 have sug-
gested that the inhibition of protein synthesis by heat
stress in Chinese hamster ovary cells is largely due to
phosphorylation of eIF-2a . Phosphorylation of eIF-
2a leads to inhibition of the initiation machinery for
mRNA translation. HSP70 induced during heat stress
facilitates dephosphorylation of eIF-2a thus remov-
w xing the inhibition of protein synthesis 21 . In the
present work, we have shown that glutamine in-
creases HSP70 expression in heat-stressed myotubes.
Therefore HSP70 may play a role in the mechanism
by which glutamine enhances the rate of protein
synthesis in stressed myotubes, though a direct in-
volvement of HSP70 remains to be demonstrated.
In the present work, glutamine was found to in-
hibit the rate of degradation of long-lived proteins but
not the rate of degradation of short-lived proteins in
skeletal myotubes. Previously, a general inhibitory
effect of glutamine on the rate of protein degradation
w xhad been demonstrated in perfused rat hindlimb 1
and in chick skeletal muscle incubation preparations
w x w x13 . Smith 28 measured the rate of protein degrada-
tion in L6 myotubes cultured in amino acid-free
media for either 2.5 or 30 h. Inclusion of 2 mM
glutamine in the incubation medium was found to
decrease the rate of protein degradation in myotubes
w xcultured for 30 h but not for 2.5 h 28 . Unfortu-
nately, the experimental approach used in this study
does not allow one to clearly differentiate between
the degradation of long-lived proteins and short-lived
proteins. Moreover, the amino acid-free media used
may have stressed the myotubes as they were in a
non-physiological environment. In spite of these
w xshortcomings, the data reported by Smith 28 appear
to be consistent with the results obtained in the
present study because the degradation of proteins
during the 2.5-h incubation period likely reflects the
degradation of short-lived proteins, while the degra-
dation of proteins during the 30-h incubation period
likely reflects the degradation of long-lived proteins.
Other anabolic agents such as insulin and IGF-1 have
also been reported to inhibit the rate of protein
degradation of the long-lived fraction but not of the
w xshort-lived fraction 2,15 . Considering that the long-
lived proteins account for the majority of myotube
w xprotein 2 , these results suggest that glutamine can
confer a physiologically meaningful anabolic effect
on protein metabolism in skeletal muscle by inhibit-
ing its rate of degradation.
The mechanism underlying the effect of glutamine
on the rate of protein degradation in skeletal muscle
remains unknown. In rat hepatocytes, glutamine has
been reported to inhibit protein degradation by induc-
ing cell swelling leading to lysosomal alkalization
w x29 . However, in skeletal muscle cells it has been
suggested that lysosomal activity is very low and
therefore unlikely to play a major role in the anabolic
effect of glutamine on protein degradation in this
tissue. HSP70 can bind to proteins which undergo
conformation change and protect them from denatura-
w xtion and degradation 20 . Since glutamine increases
HSP70 expression in stressed myotubes, it is reason-
able to assume that HSP70 may also be involved in
the inhibitory effect of glutamine on muscle protein
degradation during stress.
In summary, the present work demonstrates that
increasing the concentration of glutamine increases
the rate of protein synthesis in heat-stressed my-
otubes but not in normal-cultured myotubes. In both
normal and stressed myotubes, the rate of degradation
of short-lived proteins is not altered but the rate of
degradation of long-lived proteins was inhibited by
( )X. Zhou, J.R. ThompsonrBiochimica et Biophysica Acta 1357 1997 234–242242
glutamine in a concentration-dependent manner.
These results further define the effect of glutamine on
protein turnover in skeletal muscle and suggest that
the mechanism of action of glutamine may involve
HSP70.
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